The Trojan asteroids of Jupiter and Neptune are likely to have been captured from original heliocentric orbits in the dynamically excited ("hot") population of the Kuiper belt. However, it has long been known that the optical color distributions of the Jovian Trojans and the hot population are not alike. This difference has been reconciled with the capture hypothesis by assuming that the Trojans were resurfaced (for example, by sublimation of near-surface volatiles) upon inward migration from the Kuiper belt (where blackbody temperatures are ∼40
INTRODUCTION
Jupiter's orbit is shared by so-called "Trojan" asteroids, which librate around the L4 and L5 Lagrangian points of the Sun-Jupiter system (see Slyusarev & Belskaya 2014 for a recent review). In most modern theories, the Trojans are thought to have been captured from initial heliocentric orbits, but the specific mechanism of capture remains unknown. Primordial capture has been suggested (Marzari and Scholl 1998, Chiang and Lithwick 2005) . However, simulations indicate that planetary migration would destabilize any primordially captured Trojans (Kortenkamp et a. 2004) , and most models assume that the Trojans were captured stochastically during the clearing of the trans-Neptunian disk (Morbidelli et al. 2005 , Lykawka et al. 2009 , Parker 2015 , Gomes and Nesvorny 2016 .
The similarity between the size distribution of large Jovian Trojans and of Kuiper belt objects has been advanced as evidence for capture of the former from the latter (but, with complications, c.f. Section 3.2). However, compelling evidence for a connection is lacking.
The optical color distribution of the Jovian Trojans is weakly bimodal (Szabo et al. 2007) but, while they are red compared to most other objects in the asteroid belt (Grav et al. 2012 , Chatelain et al. 2016 , the Trojans are completely lacking in the ultrared surfaces (B-R > 1.6) that are a distinctive feature of the Kuiper belt and Centaur populations (Jewitt 2002 , Lacerda et al. 2014 .
Neptune also has Trojans (Sheppard and Trujillo 2006, hereafter ST06) . In this paper, we combine new measurements of the optical colors of six Neptunian Trojans with measurements from the published literature (Parker et al. 2013, ST06) to define their properties as a group. Our objective is to compare the color distributions of the two Trojan populations, both with each other and with other solar system groups, in order to search for hints about possible relationships.
OBSERVATIONS
We used the Keck 10 m diameter telescope atop Mauna Kea (altitude 4200 m) with the Low Resolution Imaging Spectrometer (LRIS: Oke et al. 1998 ) in order to obtain optical photometry of the Neptunian Trojans. LRIS possesses independent blue and red channels separated by a dichroic filter. We used the "460" dichroic which has 50% peak transmission at 4900Å wavelength, and a broadband B filter on the blue side. The B filter has central wavelength λ C = 4370Å and Full Width at Half Maximum (FWHM) = 878Å. On the red side, we alternated between broadband V (λ C = 5473Å, FWHM = 948Å) and R (λ C = 6417Å, FWHM = 1185Å) filters. Typical integration times were ∼300 s, during which the telescope was tracked to follow the non-sidereal motions of the Trojans while simultaneously guiding on a nearby field star. The identities of the Trojans, which are faint enough to be confused with background Kuiper belt objects, were confirmed by their expected positions and non-sidereal rates. Two Trojans (2004 KV18; Lykawka 2012 and 2012 UW177; Alexandersen et al. 2016) are thought, on the basis of numerical integrations of the equations of motion, to be temporary captures from the Centaur population, and were not observed. Photometric calibration of the data was secured using observations of standard stars selected to have sun-like colors from the list by Landolt (1992) . The seeing was typically ∼0.8 FWHM. Repeated measurements of a given field and data from simultaneous operation of the CFHT Sky Probe monitor showed that each night was photometrically stable to ±0.01 magnitude. A journal of observations is given in Table (1). We flattened the data using bias frames and flat-field images obtained from a uniformly illuminated patch inside the Keck dome. Aperture photometry was used to measure the brightness of the Trojans in each filter. We selected apertures based on the seeing, settling for most objects on projected radius 2.8 with sky subtraction from the median pixel value in a contiguous annulus extending to 5.6 . A few images in which the target Trojans appeared blended with field stars or galaxies, or were irretrievably compromised by image blemishes, were omitted from further consideration.
The photometric results are summarized in Table ( 2). Absolute magnitudes, H R , were computed from the apparent magnitudes using the inverse square law and the HG formalism (Bowell et al. 1989 ) with assumed phase angle parameter G = 0.15, as is appropriate for dark surfaces. The phase darkening coefficients are unmeasured, however, introducing some uncertainty into H R , particularly if the Trojans should show significant opposition surge (although available evidence from the Jovian Trojans indicates that they do not; Shevchenko et al. 2012) . Values of H R are quoted only to one decimal place in recognition of this phase function uncertainty. For reference, the smallest and largest effective radii computed from the data in Table ( 
DISCUSSION
The Kuiper belt objects display a wide range of optical colors, likely indicating a wide range of surface compositions (Luu and Jewitt 1996 , Tegler and Romanishin 2000 , Jewitt and Luu 2001 , Jewitt 2002 , Hainaut et al. 2012 , Sheppard 2010 , 2012 , Lacerda et al. 2014 , Peixinho et al. 2015 . A significant fraction of the Kuiper belt objects, notably but not exclusively those in the low inclination cold-classical population, are ultrared (defined by having normalized optical reflectivity gradients S ≥ 25%/1000Å, corresponding to B-R > 1.6, Jewitt 2002). The material responsible for the ultrared color is not known with certainty, but is commonly identified with irradiated complex organic matter (Cruikshank et al. 1998 , Jewitt 2002 , Dalle-Ore et al. 2015 , Wong and Brown 2017 . The working picture is of a meter-thick shell of hydrogen-depleted complex organics, processed by exposure to the cosmic ray flux and underlain by unirradiated matter with, presumably, different optical properties. Apart from the KBOs, only the Centaurs (themselves recent escapees from the Kuiper belt) show ultrared surfaces.
We list in Table ( 3) the colors of several dynamically defined sub-populations in the Kuiper belt, and of the Centaurs, all taken from Peixinho et al. (2015) . For each group, we list the number of objects, and the mean and median colors for each of B-V, V-R and B-R.
The listed uncertainties are the formal ±1σ errors on the means, and do not reflect possible systematic errors in the photometric calibration. We use the unweighted means to avoid giving undue weight to the brightest, most easily measured objects in each population. To estimate the systematic errors, we compared measurements compiled from independent sources (namely, Table 10 of Jewitt 2015 and the "MBOSS" compilation of Hainaut et al. 2012) , with those listed in the Table. The root-mean-square differences between the colors in this reference and the colors in Table ( 3) are ∼1.5σ in B-V and ∼0.6σ in V-R, showing that the systematic errors, while slightly larger in B-V than in V-R, are in both cases comparable to the random errors. Presumably, the systematic errors originate with the use of different filters, detectors and calibration stars by different researchers and also, especially in the case of the cold-classical Kuiper belt objects, from small differences in the adopted definitions of the sub-populations). Most importantly, the random and systematic errors combined are small compared to the color differences between populations in Table   ( 3).
The Neptunian Trojans (Table 2 ) occupy a range of absolute magnitudes, 6.3 ≤ H R ≤ 8.6, which is well matched to the Kuiper belt objects (because they are at similar distances).
On the other hand, the observed Jovian Trojans are much closer and, for a given apparent magnitude, intrinsically about 10 times smaller than the Neptunian Trojans and Kuiper belt objects, potentially introducing a size dependent bias. We believe this size bias to be negligible given that the range of colors in the Kuiper belt does not depend strongly on H R and there is no hint, for example, that small KBOs are preferentially blue (c.f. Figure 6 of Peixinho et al. 2012, Wong and Brown 2017) . We also considered the possibility of bias caused by wavelength dependence of the scattering phase function ("phase reddening").
This might affect the Jovian Trojans systematically, because they attain larger phase angles (up to ∼12
• ) than do the more distant bodies of the outer solar system in Table ( 3).
Fortunately, available measurements of the phase reddening coefficient are consistent with zero (Chatelain et al. 2016 ) and so we believe that this effect is also negligible. To explore these similarities and differences, we compare the cumulative color distributions in Figure ( 3). The Figure shows that the principal differences between the populations lie in the fraction of ultrared objects. We use two statistical tests to quantify the differences evident in the figure. The Kolmogorov-Smirnov (K-S) test is essentially a measure of the maximum difference between any two cumulative curves. Specifically, the K-S test provides a non-parametric estimate of the null hypothesis that any two color distributions could be drawn by chance from the same parent population. The Anderson-Darling (1954) test is similar to the K-S test but is more sensitive to differences at the tails of the distribution. We use the B-R color index as our metric, motivated by the observation that the reflectivity spectra of outer solar system bodies are linear with respect to wavelength across the optical spectrum (Jewitt 2015) . The results are summarized for both tests in Table (4) .
The statistical tests in Table ( 4) reinforce what is obvious to the eye in the histograms of Figure ( 2), namely, that the Jovian and Neptunian Trojan color distributions are statistically consistent with being drawn from a common parent population but that they are unlike other outer solar system populations ( Figures 1, 2 and 3) . We further duplicated these conclusions by separately conducting the entire analysis using the dataset from Hainaut et al. (2012) .
Trojans and the Kuiper Belt
In the Nice and related models, dynamical instability of an initially massive Kuiper belt feeds numerous niche populations, including the Trojans, with escaped Kuiper belt objects. In these models, the surviving counterparts to the escaped objects are members of the dynamically excited, so-called "hot" populations, including the hot-classical objects, the scattered Kuiper belt objects, and the resonant objects. It is thus natural to expect that the colors of the Trojans should resemble those of the hot populations, but Table ( 3) shows that they do not. A convenient way to describe this is in terms of the fraction of ultrared objects, defined as those having B-R > 1.6 (Jewitt 2002) , in each population. Figure (3) shows that the cold-classicals are about 4/5ths ultrared, while the hot-classical, scattered and 3:2 resonant populations are together about 1/3rd ultrared. The Trojans contain no ultrared objects.
The conundrum raised by the data is that the two Trojan color distributions closely match each other (the populations have identical average colors, within the uncertainties of measurement, c.f. For example, some models posit capture from source regions local to each planet. These include the pull-down capture model (Marzari and Scholl 1998) in which the rising mass of a growing planet stabilizes objects already near the leading and trailing Lagrange points, and the in-situ growth model (Chiang and Lithwick 2005) in which the protoplanetary disk is so dynamically dense and cold that Trojans accumulate in-place. However, local capture is also unsatisfactory given the vast separation between Jupiter and Neptune and the fact that strong compositional and color gradients exist between the inner and outer solar system (Jewitt 2002 (Jewitt , 2015 . In local capture scenarios the close color similarity between the Trojans of Jupiter and Neptune could only be regarded as a coincidence. However, at smaller perihelion distances, the red-surfaced Centaurs are systematically depleted relative to their abundance at larger distances and, once captured as Jupiter family comets, all the ultrared matter is gone (Jewitt 2009 (Jewitt , 2015 . Comet-like activity also begins in Centaurs with q ∼ 10 AU, consistent with the distance at which exposed amorphous ice can first crystallize (Jewitt 2009 (Jewitt , 2015 but smaller than the critical distance for the selective sublimation of H 2 S proposed by Wong and Brown (2017) . Thermal effects on Kuiper belt objects displaced from 40 AU to 5 AU are to be expected even prior to their putative capture as Trojans.
On the other hand, these thermal processes cannot operate at Neptune's distance, where the isothermal blackbody temperature, T BB = 50 K, is too low for common volatiles to sublimate or even for amorphous ice to crystallize. Moreover, temperatures at 30 AU are barely different from temperatures in the Kuiper belt beyond: any thermal process operating to destroy ultrared matter at the distance (and temperature) of Neptune would also operate in the Kuiper belt just beyond it. Therefore, thermal processes cannot account for the similarity between the Jovian and Neptunian color distributions, or their difference from the Kuiper belt populations. An exception to this conclusion could arise if the Neptunian Trojans were scattered into orbits with perihelia 10 AU prior to capture, but this is a possibility for which we are aware of no evidence from dynamical simulations.
What about non-thermal processes? Collisions offer the most obvious such process.
If the Trojans experience more intense collisional processing than objects in the Kuiper belt then perhaps the ultrared surfaces could have been preferentially destroyed. However, we are unaware of existing evidence for particularly intense collisional processing of the Trojans, which would have to occur on a short timescale in order to prevent the regrowth of the irradiation mantle after capture into 1:1 resonance. The collisional rate in the Trojans swarms is dominated by small bodies which, in existing magnitude-limited surveys, remain essentally unobserved. Thus, it is technically possible that the Trojans suffer collisional resurfacing at a disproportionately high rate but, in the absence of data, such an explanation would seem, at best, to be highly contrived.
Other Evidence
Another way to compare the Trojans with the Kuiper belt is through their size distributions, since the dynamics of capture into 1:1 resonance are presumably sizeindependent. It is reasonable to expect that the size distribution of the Trojans should reflect the size distribution of objects in the population from which they were captured.
The measurable proxy for size is H, the absolute magnitude (apparent magnitude reduced to unit heliocentric and geocentric distances and 0
• phase angle). The H distributions can be fitted by broken power-laws, with different slopes above and below a critical "break magnitude". In objects fainter (smaller) than the break, the slope (which, for the Jovian Trojans is α = 0.40±0.05, as established by many workers from Jewitt et al. 2000 to Yoshida and Terai 2017) is produced collisionally and has little to do with the size distribution of the objects when they were formed. For the larger objects brighter than the break magnitude, disruptive collisions are rare and objects are presumed to preserve their original dimensions.
Therefore, the most useful comparison to be made is between the distributions of the bright (large) Trojans and the bright (large) hot-classical Kuiper belt objects that are purported to represent the population from which the Trojans were captured.
The large Trojan power-law index has been repeatedly measured and found to be steep: Jewitt et al. 2000) , α = 1.0±0.2 (Fraser et al. 2014) , and α = 0.91
−0.16 (Wong and Brown 2017) . Morbidelli et al. (2009) found that the cold-classical objects (for which they obtained α = 1.1) are much more like the large Trojans than are the hot-classicals (for which they reported a much flatter distribution with α = 0.65). This is the exact opposite of the result expected if the Trojans were captured from the hot population, and capture from the cold (dynamically undisturbed) population makes no sense. Fraser et al. (2014) re-made the comparison but included a size-dependent albedo to convert from absolute magnitude to size. This allowed them to reach the opposite result, namely that the large cold-classicals have a distribution that is too steep (α = 1.5 -14 -respective rotation period distributions are premature.
Trojans and Centaurs
The orbits of Trojans are weakly stable and some can escape from the Lagrangian clouds during the lifetime of the solar system. Horner and Lykawka (2010) a Non-parametric probability that any two given color distributions could be drawn from the same parent population. Results from the 
